Numerical models were established to correlate with the experimentally measured properties of mesh conductors previously developed through a combined process of dip coating carbon nanotubes and inkjet printing poly 3,4-ethylenedioxythiophene: poly styrene sulfonate. The electroluminescent (EL) devices assembled with such mesh conductors as front electrodes were modeled by commercially available finite element method software COMSOL Multiphysics. The modeling results are in agreement with those from the experiments and suggest that an optimized fiber arrangement is the key for further improving the performance of EL devices based on mesh conductors. A substitute of ITO with similar performance but lower cost and flexibility is needed. Transparent conductors have been made using carbon nanotubes, 6 metal nanowires, 7 and graphene.
Numerical models were established to correlate with the experimentally measured properties of mesh conductors previously developed through a combined process of dip coating carbon nanotubes and inkjet printing poly 3,4-ethylenedioxythiophene: poly styrene sulfonate. The electroluminescent (EL) devices assembled with such mesh conductors as front electrodes were modeled by commercially available finite element method software COMSOL Multiphysics. The modeling results are in agreement with those from the experiments and suggest that an optimized fiber arrangement is the key for further improving the performance of EL devices based on mesh conductors. Flexible optoelectronic devices such as light-emitting diodes, 1 photodetectors, 2 and photovoltaic cells 3, 4 have attracted much interest because of their resilience, low weight, and lower cost. An important component of an optoelectronic device is the transparent conductor. Indium tin oxide (ITO) is widely used as a transparent conductor. However, ITO has the drawbacks of being expensive and fragile and therefore has limited use on flexible substrates. 5 A substitute of ITO with similar performance but lower cost and flexibility is needed. Transparent conductors have been made using carbon nanotubes, 6 metal nanowires, 7 and graphene. [8] [9] [10] However, these mostly do not combine flexibility with transparency and conductivity.
Electronic textiles have recently gained much attention due to their inherently low stiffness. There is a strong interest in flexible, lightweight, and wearable electronics. [11] [12] [13] Textile based flexible solar cells, [14] [15] [16] transistors, [17] [18] [19] conductive wires, 13 stretchable electrochromic devices, 20,21 and supercapacitors 11, 22 have been demonstrated. Previous studies in our group have integrated conductive polymers and CNT into textiles to fabricate conducting meshes, 23, 24 but both their conductivity and transparency are still lower than ITO, except flexibility. In order to have a better understanding of their optical and electrical properties, both analytical modeling and finite element method computations (FEM) are used. Analytical expressions were developed to estimate the light transmittance of a mesh and electrical surface resistivity. The surface resistivity obtained from analytical expressions was also compared with FEM studies.
An important trade-off of using mesh-conductors in devices is balancing three factors: (1) light occluded by the fibers in the mesh, (2) surface resistivity of the mesh, and (3) higher luminous output around the mesh fibers. FEM was also used to study the voltage and current density distributions in mesh conductor based EL devices. The experimental and modeling results are discussed and compared in order to design a better mesh conductor for improving transparency, conductivity, and a better EL device with better luminance performance.
The mesh conductors were prepared by following a combined dip coating and inkjet printing process reported previously. 23, 24 In brief, PET mesh fabrics 25 were sequentially coated with CNT and PEDOT:PSS to form mesh conductors that were used as the front electrode in EL devices. Typical SEM images of such PET mesh conductors are shown in Figs. 1(a) and 1(b). In the same way, nylon conductors were prepared and used as the back electrode, unless otherwise indicated, in assembling the EL devices.
The architecture of our EL devices is shown in Fig. 1(c) . The device has a 4-layer structure with a phosphor layer (ZnS:Cu,Cl: organic binder: 50:50) and a dielectric layer (BaTiO 3 : organic binder: 50:50) sandwiched by the two conductors. The back conductor was either conductive nylon mesh or aluminum foil. The EL devices were assembled by following the procedure reported previously in Refs. 23 and 24 and tested under ambient conditions using a Keithley 196 system, HR4000 spectrometer, Tektronix oscilloscope 1001B, Instron 5569, and Hirox KH-7700 digital microscope.
A cover factor (CF) model was established to predict the light transmittance of mesh conductor, with the assumption that pristine fibers or coated fibers completely block or absorb light transmission through the fabrics, while the spaces between fibers allow complete light transmission. The transmittance of the mesh fabric and the mesh conductors was then calculated based on such a cover factor model. Numerical simulations were performed by COMSOL Multiphysics software in the AC/DC electrostatics module to determine the resistivity of mesh conductors and the electric field and current density of the EL devices. The geometry of the EL device was determined from SEM micrographs and modeled with a single unit cell ( Fig. 1(c) ). The parameters used for modeling the resistivity of PET mesh conductors and their based EL devices are listed in Ref. Light transmittance of the mesh conductors is one of the key factors that determine the luminance intensity of the EL device. A CF model was developed to understand the correlation between the open structure of textiles and their light transmittance property, and to provide useful information on textile structure design for maximized transparency.
Cover factor denotes the extent to which the area of a fabric is covered by one set of threads. It is defined as the ratio of the area covered by yarns to the total area of the fabric and can be expressed by Eq. (1) CF ¼ area covered by yarns total area of the fabric
where d is the diameter of fiber, while p is the fiber spacing of fiber, respectively. Fig. 2(a) shows the typical unit cell of a regular woven structure, with d and p been marked.
We assume that the fibers block or absorb light completely. The light transmittance of mesh fabric can then be expressed by Eq. (2)
where T stands for the light transmittance of the mesh fabric and CF is the cover factor.
Equation (2) provides a convenient way of calculating the transmittance of a given woven structure with known fiber diameter and fiber spacing. For the mesh conductors, Eq. (2) also applies since the CNT and PEDOT:PSS coatings do not alter the woven structure of the mesh fabric. On the other hand, the added thickness (1.3 lm according to Refs. 24 and 25) to fiber diameter and the reduced fiber spacing due to the coatings ought to be taken into consideration. Fig. 3 compares the experimentally measured light transmittances with those calculated by Eq. (2) at different inkjet printing cycles (note that the CNT coating causes a negligible change in fiber diameter and fiber spacing). The results from the model are in good agreement with the experimental measurements. The fact that the model results are slightly larger than the experimental results in the entire range of the printing cycles is likely to be due to the additional light absorption of PEDOT:PSS coated on the fiber surface.
According to Eq. (2), a smaller fiber diameter to fiber spacing ratio results in a more transparent mesh. Thus, reducing the fiber diameter, widening the fiber spacing or combining both would be expected to enhance transmittance of the mesh conductor. 
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Besides transparency, surface resistivity of the mesh conductor is another crucial factor that determines the overall performance of the EL devices. Circuit models used in Refs. 26 and 27 can be used for analyzing mesh conductors. Consider the unit-cell shown in Fig. 2(a) . Each side of the mesh is a PET monofilament covered with a thin coating of conducting material. The resistance of a side of the square mesh can be calculated as
where R a is the resistance of each fiber in mesh square, q c is the resistivity of the thin coating material, while t c is the coating thickness and the resistances are networked as shown in Fig. 2(b) . The resistance of the network from nodes 1 to 2 in Fig. 2 (c) can be calculated using Kirchhoff's circuit laws 28 to obtain R ¼ R a . 25 Resistance can be converted to surface resistivity by Eq. (4),
where R is effective resistance, R s is effective surface resistivity, q is the effective resistivity, and t is the effective thickness, while L and W are the effective length and width of the conductor. In the present case, L ¼ W ¼ 2p and t ¼ d. Thus, Eqs. (3) and (4) A further numerical model was developed using COMSOL Multiphysics (COMSOL Inc., Burlington, MA) based on the real situation of the mesh conductor as the front electrode in an EL device, i.e., the current flows from the top surface of the front electrode and spread to the bottom. Variation of the geometry of the mesh conductor was achieved by this three dimensional FEM.
Four mesh conductors made from three types of PET mesh fabrics were modeled and the specifications of the PET mesh fabrics and the surface resistivity results from modeling and experiments are shown in Table I . Models were established in three dimensions with Al foil connecting with the bottom surface of the mesh conductor. Resistance was calculated from the quotient values of voltage and integrated current, and then converted into surface resistivity by Eq. (4).
As seen from Table I , the resistivity values from modeling are in excellent agreement with the experimental results for the meshes with relatively small fiber spacing, i.e., 310 or 311 lm, regardless what coatings these meshes have on their surface. Better agreement with experimental results were obtained from FEM than from the analytical model as the analytical model does not take into account the corner effects where the mesh sides overlap in the unit-cell. In the FEM, a relatively large difference between the modeled and the experimental measurement is only seen from the mesh that has relatively large fiber spacing (i.e., 828 lm). Larger fiber spacing results in a smaller contact area of mesh conductor to the Al back electrode. (For PET 30-140PW, the experimental resistivity is larger than the modeling might due to the printing defects on the larger fiber surface. The PEDOT does not cover entirely on the fiber.) The PET 83-70PW/ CNT/PEDOT has the lowest resistivity than any other mesh conductors with the PEDOT coating only, which is due to the higher conductivity of the combined CNT/PEDOT film.
All the four mesh conductors result in similar electric potential distribution, although they have different surface resistivity. A typical electrical potential distribution is shown in Fig. 4 for the PET 83-70PW/CNT/PEDOT mesh conductor. This figure shows how we modeled the surface resistivity. The integrated surface current is obtained from the bottom Al foil.
COMSOL Multiphysics was also used to examine the current density and voltage distribution of the EL devices. The 3D device model is built to study the relationship between the real luminance intensity and the modeled current density.
As shown in Fig. 1(c) , four layers are involved in the modeling of mesh conductor based EL devices. The mesh /PEDOT  140  828  362  526  639  PET 83-70PW/PEDOT  70  310  271  263  245  PET 83-70PW/CNT/PEDOT  70  310  163  158  147  PET 83-120PW/PEDOT  120  311  159 
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conductor is covered with a conformally coated CNT/ PEDOT film (gray color layer) and is top layer in the device. The next blue layer is the phosphor light-emitting layer with a thickness of 80 lm. The green layer is the 30 lm thick dielectric layer, and the bottom layer is the back electrode.
Typical electrical potential and current density distributions of the modeled PET 83-70PW /CNT/PEDOT/Al EL device are shown in Figs. 5(a)-5(d) . The current density and potential are high at the interface between the fibers and the phosphor layer (red domains in Fig. 5 ), but low in the central open area of each unit cell (blue domains in Fig. 5 ). Such current density distribution suggests that the light is generated at the fiber-phosphor interface (red and yellow domains in phosphor layer) upon an applied voltage and travels through the phosphor layer at some angles all the way up to the top surface, as shown by the arrows in Fig. 5(d) , and is emitted through the central open area. Due to this light travel pathway, the thickness of the phosphor layer also becomes an important factor that determines the performance of such mesh conductor based EL devices. The proportional relationship between applied voltage and current density and the resulting luminance of the EL devices with different configurations is shown in Ref. 25 . Fig. 6(a) shows the luminance intensity distribution across one unit cell of the mesh conductor based EL device measured with the Hirox KH-7700 microscope, while Fig.  6(b) shows the voltage and current density distribution across one unit cell obtained from device modeling. The two white lines that cross the two insets in Fig. 6 indicate exactly where the luminance intensity measurements were taken and where the modeled data was obtained, respectively. Both the measured luminance intensity (the red line in Fig. 6(a) ) and the modeled electrical potential and current density (Fig. 6(b) ) have a "U" shape profile across the 240 lm width of the unit cell. The highest luminance intensity is located at the edges and the lowest the center of the unit sell. The experimental data indicates that there is an approximately 38% luminance intensity decrease from the edge to the center of the unit (about 66 at the edges and 41 in the middle, Fig. 6(a) ), while the model shows an 88% difference between the current density at the edges ($2. (Fig. 6(b) . Although virtually no light is generated in the central area of a unit cell, as indicated by the model with a very small current density ($0.3 A/m 2 ), the light generated from the fiber/phosphor layer is emitted through the central open area due to scattering, as described above.
The comparison of Figs. 6(a) and 6(b) shows light emission is much more uniform than the current density. This implies that the lateral transmission and scattering of light in the phosphor is very important such that the light is emitted as sketched in Figure 5(d) .
The emitted light can be estimated approximately by the light penetration depth into the phosphor layer. The optical absorption coefficient of ZnS powders at 550 nm is around 6.36 cm
À1
. 30, 31 The penetration depth is around 1 mm according to the Beer-Lambert law,
where I is the light intensity as the incident light (I 0 ) travels through the phosphor layer with an absorption coefficient of a to a distance of x. A reduction in scattering and absorption could give a more uniform light output. Another suggestion is to replace the phosphor in the middle of the mesh cells with a more transparent medium.
Increasing fiber spacing will lower the luminance intensity of the center of the "U" shape profile. According to the light attenuation rate in Figure 6 (a), 600 lm fiber spacing would result in zero luminance intensity, i.e., a dark spot at the center. The mesh number that corresponds to 600 lm fiber spacing is 15 Â 15 mesh/cm. In order to have a uniform emission (intensity difference is less than 10%), the mesh number must be higher than 61 Â 61 mesh/cm. This model suggests that the light transparency of the PET mesh conductors can be further enhanced with an optimized mesh configuration, i.e., 39 Â 39 mesh/cm, woven with PET monofilaments of 20 lm diameter (d) and at a 234 lm fiber spacing (p). According to the model and Eqs. (1) and (2), such a mesh fabric offers 84.6% light transmittance before dip coating with CNT and printing with PEDOT:PSS and 81.6% after, both being much higher than fabric used in this study (i.e., 60%) and comparable with that of ITO/PET (i.e., $80%).
In conclusion, we have developed analytical and numerical models that correlate well the light transmittance and surface resistivity of the PET mesh conductors. The FEM modeling was used to study the voltage and current density distribution in the PET mesh conductor based EL devices. Comparisons between the experimental and modeling results suggest that optimizing the mesh structure is the key to further improved transmittance of the mesh conductors and therefore an EL device of uniform light emission. Reducing the scattering in phosphor layer may also enhance the uniformity of light emission in these EL devices. 
